Introduction {#sec1}
============

During the planning for the outbreak of pandemic A(H1N1) influenza in Sweden, the National Board of Health and Welfare initiated a research for the development of a decision support tool to complement the individual based, total population model MicroSim [@ref-1076971455]. The primary requirements for this tool was that it should support scenario analysis, i.e. to run "what -- if" experiments. It was also important that the tool should be implemented in a short time frame and easy to learn and run.  The quality of the model output was also important, but at this stage exact prognoses were not essential -- the task for this tool was to produce acceptable forecasts in a timely manner. 

In epidemiology, so-called SIR, or SEIR, models are very common to represent the spread of disease in a population. People are divided into three (or four) compartments; susceptible (S), exposed (E), infected (I) and recovered (R). A system of coupled differential equations governs the flows between the different compartments over time, people becoming infected move from S to I and people who recover (or die) move from I to R. System Dynamics is a natural choice for implementing models simulating transmission processes, since the methodology presupposes a holistic approach and focuses on how the parts in the system affect each other with reinforcing or balancing feedback loops [@ref-3412818448] [@ref-2858488146].

The model, called, VirSim was developed with the following main goals in mind:

to create a SEIR model based on available population data and disease specific knowledge, including contact ratesto extend the model with a Graphical User Interface (GUI) for easy configuration of simulation parameters

Method {#sec2}
======

The model, called VirSim, was developed in the modelling environment AnyLogic.Three identical SEIR models were created, each one representing a different age group, to estimate the spread of infection between and within age-groups.  Intervention measures were added to the model and a graphical user interface was created for displaying results and for allowing the user to interactively set the parameters before each simulation run (Figure 1 , 2 and 3). To enable regional analysis, population data from each county in Sweden was added as well as an option in the GUI for region selection. A typical simulation run takes approximately one minute to run on a standard PC.

Figure 1: Snapshot of the interface that allows users to change parameter values between runs.  

Figure 2: Graphs displaying results from previous simulation runs are shown at the lower half of the view displayed between runs. 

Figure 3: Snapshot of a runtime view. Three SIR-graphs are displayed, one for each population as well as graphs displaying the amount of people home from work, the number of deaths and number of hospitalizations over time. Each graph can be expanded so that it occupies the entire screen.

Model description {#sec3}
-----------------

The Swedish population is divided into three age groups (0-19, 20-59 and 60+), data is obtained from Statistics Sweden [@ref-1518283832]. Infection is spread through contacts between susceptible and infected individuals. Contacts within and between age groups are based on age specific contact data (see Table 1), obtained from empirical studies in which persons kept diaries of the number of social contacts per day [@ref-1182154396].    

Age group0-1920-5960+0-1943.4527.725.4220-5927.7216.848.3060+5.428.307.75

Table 1: Age-specific contact data 

Infection is followed by a latent period, which is assumed to last 1.9 days [@ref-541665532] [@ref-2478233995]. No symptoms show during this period. When symptoms occur, people may become severely ill or only mildly. This variability is captured by dividing the group of infected people into four classes with different disease severity profiles, ranging from asymptomatic (no symptoms) to severe. The disease profile distribution is the same for all age groups and is based on the distribution used in the MicroSim model [@ref-4104321799]:

Asymptomatic 16%Mild 34%Typical 40%Severe 10%  

Each disease profile is further associated with a number of sick leave days. This affects the societal costs due to absenteeism, but also the disease spread since the number of daily contacts is reduced when staying home from work.  The following assumptions are made:

Asymptomatic: home from work 0 daysMild: home from work 1 dayTypical: home from work 3 daysSevere: home from work 8 days  

The time to recover from an infection is assumed to be 10 days from infection. When recovered people become immune and are no longer infectious. No prior immunity to the disease is assumed, which is the typical case for a pandemic when the virus has mutated and is unknown to our immune systems. However, the model allows the user to interactively set the infection risk for different age groups. This makes it possible to change the assumption when better data becomes available. It seems like old people are less likely to be infected, it is not sure if this is a result of some level or immunity or if it is an effect of fewer social contacts.

Policy experiments {#sec4}
------------------

To illustrate how the VirSim model can be used in a structured way to investigate the effect of different policy strategies under different conditions, a series of experiments was conducted.  Here, two different policies were tested; vaccination and school closure. Different assumptions are important for how efficient the policies are: for vaccination the uptake rate, or coverage, is pivotal, and for school closure the length of the closure are very important. The experiments are designed to show how sensitive the policies are to these assumptions.  A number of underlying assumptions are also relevant for the outcome; these were not varied in the experiments: 

The simulation starts the 1st of June 2009 with 50 initially infected individuals divided between the age groupsThe base-line scenario is calibrated to generate a similar age distribution of infected people as reported in New Zealand [@ref-3823302931] 0-19=64%20-59=32%60+=4% The base-line scenario is calibrated to generate a relatively mild outbreak (R0 1.2)  

In the first experiments, investigating vaccination, following values were used: 

The start time of the vaccination is set to the 25th of October 2009, (based on the Swedish vaccination program [@ref-437033077])One vaccine dose will be administered to each individual, except for people aged 6 months to 13 years who will receive two doses^.^The vaccination doses will be administered at such a pace that it takes 7 weeks to vaccinate the entire population with one doseVaccine effectiveness: One dose : 80%  become fully immune, but for people aged 60+ 100% become fully immuneTwo doses: 85% become fully immune  

Five different vaccination experiments were performed, where the coverage was varied. 30%, 50%, 60%, 70% and 90% of the population were vaccinated in the different runs. 

In the second series of experiments, focusing on school closure, following values were used:

Initialization: the schools close when 1% of population 0-19 are infected.A school closure leads to a reduction of contacts within the population, the following reductions within and between age-groups were assumed: Contacts within population 0-19 are reduced with 50%Contacts between population 0-19 and 20-59 are reduced with 20%Contacts between population 0-19 and 60 plus are reduced with 10%  

Three school closure experiments were run; where the closure times were 7 days, 21 days and 28 days. 

The third series of experiment investigated the effect of combining the two policies; 60% vaccination coverage was combined with a 21-day school closure using the same assumptions as stated above.

Results {#sec5}
=======

The vaccination experiments show that a higher coverage yields fewer infections, the peak is also delayed when the coverage increases.  Figure 4 shows that the peak of new infections in the base-run is reached after 29 weeks. With vaccination coverage of 30 % the outbreak peaks three weeks earlier, and for the 90%, 70%, 60% and 50%-scenarios the peak is six weeks earlier. In Table 2 it is shown that the number of infections is 54% lower with vaccine coverage of 30% compared to the base line run with no vaccination. The remaining scenarios show a decrease between 74% and 82%, the higher the coverage the larger the decrease.  

Figure 4: Results from the vaccination experiment measured in new infections per week. The peak of new infections is reached at week 51 in the base run, at week 48 with a coverage rate of 30% and at week 45 with coverage rates between 50% and 90%. 

Vaccination coverageInfectedDecreaseNo vaccination2.588.1640.0%30%1.191.65454%50%664.21274%60%555.51479%70%499.48981%90% 454.37882%

Table 2: Results from the experiment with vaccination, measured in the decrease of the total number of infected compared to the base run. 

The school closure experiments show that a one-week school closure delays the peak of infection one week compared to the base-run. With a three- and four-week school closure the peak is reached three and four weeks later than in the base-run, see Figure 5. All scenarios with school closure display a decrease in the total number of infections, Table 3.  

Figure 5: Results from the school closure experiments measured in new infections per week. The graphs show that the peak is delayed when the school stays closed a longer period, four weeks at most.  

Duration of closureInfectedDecreaseNo closure (base run)2.588.1640.0%7 days2.579.3170.3%21 days2.561.9021.0%28 days2.553.5851.3%

Table 3: Results from the experiment with school closure, measured in reduction of infections compared to the base run. 

The combination experiments, where 60% vaccination coverage was combined with a 21-day school closure, result in notably later peaks and large decreases in the number of infections. The outbreak peaks five weeks later than in the base run, see Figure 6.  

Figure 6: Results from the experiment with a 60% vaccination coverage combined with a 21 day school closure, measured in new infections per week. In the combined scenario the peak of new infections is reached eight weeks earlier than with a 21-day school closure alone and one week later than the scenario with 60% vaccination coverage 

In Figure 7 the combination policy is compared with the school-closure policy. It is shown that with the combination policy the peak is reached earlier than the school-closure policy. The combination strategy is more efficient in delaying the peak than the pure vaccination strategy; see Figure 8 where the peak is delayed one week when the strategies are combined. The overall reduction in number of infections is presented in Table 4. A 21- day school closure decreases the total number of infected by 1% only. The vaccination policy with coverage of 60% decreases the total number of infected by 79%. The combined strategy decreases infections by 86% compared to the base-run. 

Figure 7: A comparison between the combination policy and the school-closure policy. The peak is reached earlier than the school-closure policy at all different closing times. 

Figure 8: A comparison between the combination policy and the vaccination policy. The combination policy delays the peak compared to all vaccination coverage-levels except for the coverage of 30%.   

InterventionInfectedDecreaseNo intervention25881640%21 day school closure25619021%60% vaccination55551479%Combination:\
School closure +vaccination36508086%

Table 4: Results from the experiments, comparing the decrease in number of infections from the different strategies. The combination strategy produces the largest reduction, 86% compared to the base run with no vaccination.

Discussion {#sec6}
==========

The experiments reveal fundamental differences in the effectiveness of a school closure and a vaccination program. The experiment with school closure yields only a small decrease in the total number of infected; it does however delay the spread of infection. Other studies also show that school closure alone is not sufficient to halt the spread of pandemic influenza [@ref-1660480514]. Vaccination on the other hand has a large effect on the number of infections; all scenarios reduce the total number of infected by more than 50%. Our results show that the difference in numbers of infected between vaccination coverage of 50% and 90% is relatively small. This behaviour is due to the start time of the vaccination program. An earlier start with fewer individuals already infected would lead to a larger difference between the scenarios with different vaccination coverage. The combination of vaccination and school closure flattens out the peak substantially and reduces the total number of infected by 86% compared to the base-run, which is more than any vaccination coverage alone. A combination of intervention measures is, according to our results, the most effective approach for mitigating the spread of a pandemic influenza. Several parameters regarding the spread of influenza, such as the effect of weather and temperature, social structures and geographical differences in contact structures have been excluded from the model. Studies show that these are all important aspects of how influenza is transmitted [@ref-4104321799] [@ref-542295799], but such a level of detail is not relevant for the experiments performed in this study. A simple model of the type here presented should not be considered as a tool for making the best possible forecasts on outbreak sizes and timings. We argue instead that it should rather be viewed as a useful tool for evaluating different policies and parameter values, receiving quick results that are accurate enough to make decisions about whether to investigate the given policy further for instance with another simulation model.
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Appendix A {#sec10}
==========

A.1 Basic structure {#sec11}
-------------------

Each age group has an identical model structure, which consists of a constant population $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(N)$\end{document}$ that is spread out in the following stocks (This is a somewhat simplified description, infected are actually represented by four stocks, one for each disease-profile):

Susceptible $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(S)$\end{document}$Latent $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(L)$\end{document}$Infected $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(I)$\end{document}$Recovered $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(R)$\end{document}$

The value of $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $S$\end{document}$ is $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $N-(L+I+R)$\end{document}$. $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $I$\end{document}$ is initially given an arbitrary value. $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $L$\end{document}$ and $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $R$\end{document}$ are initially empty. The stocks are connected by flows representing potential state transitions for individuals in the population, yielding the following structure where → represents a flow between two stocks:

$$\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} \begin{equation*}S\rightarrow L \rightarrow I \rightarrow R\end{equation*}\end{document}$$  

The following additional constants and variables are used to calculate the

rates of the flows:

The number of contacts per individual $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(c)$\end{document}$Infectiousness profile $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(\beta)$\end{document}$Latency-time constant $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(\rho)$\end{document}$Recovery-time constant $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(\gamma)$\end{document}$Infected from other age groups $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(i)$\end{document}$  

The rate equations look as follows:

$$\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} \begin{equation*}\[ (S\rightarrow L) = S (I+i) \frac{c \beta}{N} \]\end{equation*}\end{document}$$

$$\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} \begin{equation*}(L\rightarrow I) = \frac{L} {\rho}\end{equation*}\end{document}$$

$$\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} \begin{equation*}(I\rightarrow R) = \frac{I} {\gamma}\end{equation*}\end{document}$$

A.2 Implementation of intervention measures {#sec12}
-------------------------------------------

The basic model is extended with two intervention measures, school closure and vaccination.

### A.2.1 School closure {#sec13}

A school closure leads to a reduction of contacts during the time it is in effect. Contact reduction takes place within the age group 0-19, between 0-19 and the other age groups. The schools close one time only during a simulation when the number of infected passes a certain threshold and lasts for a predetermined number of days. This is implemented in an AnyLogic event-function which is executed cyclically, described here in pseudo-code:

if NOT closedBefore:      if NOT schoolClosed:           shareOfInfected = I/N           if shareOfInfected \>= closureThreshold:                schoolClosed = TRUE                startTime = timeStep                endTime = startTime + closureLength                reduceContacts()      else if schoolClosed AND endTime - timeStep == 0:           closedBefore = TRUE           restoreContacts()

The reduceContacts and restoreContacts functions update a table containing contact-data.

### A.2.2 Vaccination program {#sec14}

The vaccination program consists of doses being distributed to the population during the time the vaccination is in effect. Two doses per person are distributed to people aged from 6 months to 13 years; the rest of the population receives a single dose only. Distribution of the second dose starts when the whole share of population supposed to be vaccinated have received their first dose and at least 3 weeks have passed since distribution of the first dose started. 80% of those receiving one dose, 85% of those receiving two doses and 100% of the vaccinated from the age-group 60+ become fully immune after vaccination. 

In order to implement a vaccination program the model has to be extended in several ways. New stocks are added:

Susceptible receiving vaccination $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(S_{v})$\end{document}$Susceptible not receiving vaccination $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(S_{!v})$\end{document}$Susceptible after first dose $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(S_{v1})$\end{document}$Susceptible after second dose $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(S_{v2})$\end{document}$Latent after first dose $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(L_{v1})$\end{document}$Latent after second dose $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(L_{v2})$\end{document}$Infected after first dose $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(I_{v1})$\end{document}$Infected after second dose $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(I_{v2})$\end{document}$Immune $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(M)$\end{document}$

Susceptible can become infected, receive vaccination and remain susceptible or become immune:

$$\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} \begin{equation*}S_{v} \rightarrow L \rightarrow I \rightarrow R\end{equation*}\end{document}$$ ,  $$\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} \begin{equation*}\quad S_{v} \rightarrow S_{v1}\end{equation*}\end{document}$$

$$\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} \begin{equation*}\quad S_{v} \rightarrow M\end{equation*}\end{document}$$

Susceptible after dose 1 can become infected, receive the second dose and remain susceptible or become immune:

$$\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} \begin{equation*}S_{v1}\rightarrow L_{v1}\rightarrow I_{v1} \rightarrow R\end{equation*}\end{document}$$

$$\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} \begin{equation*}\quad S_{v1} \rightarrow S_{v2}\end{equation*}\end{document}$$

$$\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} \begin{equation*}\quad S_{v1} \rightarrow M\end{equation*}\end{document}$$

Susceptible after dose 2 can become infected:

$$\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} \begin{equation*}S_{v2} \rightarrow L_{v2}\rightarrow I_{v2} \rightarrow R\end{equation*}\end{document}$$

Additional variables are added:

Doses distributed per day; \_first dose $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(d_{v1})$\end{document}$Doses distributed per day; second dose $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(d_{v2})$\end{document}$Share of immunity; first dose $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $(\theta_{v1})$\end{document}$Share of immunity; second dose $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} \begin{equation*} $(\theta_{v2})\end{equation*}\end{document}$  

Initially $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $d_{v1}$\end{document}$ ~ ~and $\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} $d_{v2}$\end{document}$ ~ ~are set to 0, at a given time they are set to a value that represents the number of vaccinations performed per day

The following flow equations determine the rates:

$$\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} \begin{equation*}(S_{v}\rightarrow L) = S_{v}(I+I_{v1}+I_{v2}+i)\frac{c \beta}{N}\end{equation*}\end{document}$$

$$\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} \begin{equation*}(S_{v1}\rightarrow L_{v1}) = S_{v1}(I+I_{v1}+I_{v2}+i)\frac{c \beta}{N}\end{equation*}\end{document}$$

$$\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} \begin{equation*}(S_{v2}\rightarrow L_{v2}) = S_{v2}(I+I_{v1}+I_{v2}+i)\frac{c \beta}{N}\end{equation*}\end{document}$$

$$\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} \begin{equation*}(S_{v}\rightarrow S_{v1}) = d_{v1}\theta_{v1}\end{equation*}\end{document}$$

$$\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} \begin{equation*}(S_{v}\rightarrow M) = d_{v1}(1-\theta_{v1})\end{equation*}\end{document}$$

$$\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} \begin{equation*}(S_{v1}\rightarrow S_{v2}) = d_{v2}\theta_{v2}\end{equation*}\end{document}$$

$$\documentclass[10pt]{article} \usepackage{amsmath} \usepackage{wasysym} \usepackage{amsfonts} \usepackage{amssymb} \usepackage{amsbsy} \usepackage{mathrsfs} \usepackage{pmc} \usepackage[Euler]{upgreek} \pagestyle{empty} \begin{document} \begin{equation*}(S_{v1}\rightarrow M) = d_{v2}(1-\theta_{v2})\end{equation*}\end{document}$$
